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Effect of hypotonicity on cyclic adenosine monophosphate for-
mation and action in vasopressin target cells. We have shown
previously that overhydration of toads renders their urinary
bladders less responsive to the antidiuretic action of vasopressin
(AVP). The present study investigates the relationship between
osmotic swelling of vasopressin target cells and their sensitivity
to AVP and dibutyryl cyclic adenosine monophosphate (db-
cAMP). Conditions which engender osmotic swelling of toad
bladder epithelial cells, such as immersing bladders on both sur-
faces in hypotonic Ringer's fluid or subjecting them to a net
mucosal-to-serosal volume flux, markedly inhibited the effective-
ness of db-cAMP in raising bladder permeability to water. This
inhibitory phenomenon was seen both with serosal and mucosal
applications of the nucleotide. Examination of isolated epithelial
cells by phase contrast microscopy showed them to behave as
osmometers, doubling their volume as the effective osmolality of
the incubation medium was halved. AVP was found to increase
the total content of cAMP about 3.5-fold both in the swollen and
the normal cells, so that the actual concentration of cAMP may
have diminished as the cell volume increased. Consistent with
this suggestion was the observation that increasing exogenous
db-cAMP abolished, in part, the inhibitory effects of hypotoni-
city. These observations indicate that homeostasis of body fluids
in the toad depends in part upon the osmotic regulation of anti-
diuretic hormone action, and that intracellular cAMP may parti-
cipate in coupling changes in cell volume to the altered state of
responsiveness of the vasopressin target cell.
Effet de l'hypotonicité sur la formation et l'action de l'AMP
cyclique dans les cellules cibles de Ia vasopressine. Nous avons
montré antérieurement que l'hyperhydratation chez le crapaud
rend leurs vessies moms sensibles a l'action de Ia vasopressine
(AVP). Ce travail étudie les relations entre le gonflement osmoti-
que des cellules cibles de la vasopressine et leur sensibilité a
I'AVP et au dibutyryl AMP cyclique (db-cAMP). Les conditions
qui engendrent Ic gonflement osmotique des cellules épithéliales
de la vessie de crapaud, telles l'immersion des deux faces des
vessies dans du Ringer hypotonique ou l'induction d'un flux net
de Ia muqueuse vers la séreuse, inhibent fortement l'effet de db-
cAMP d'augmentation de la perméabilité a l'eau. Ce phénoméne
inhibiteur a été observe aussi bien après l'application séreuse que
muqueuse du nucléotide. L'examen microscopique de cellules
épithélilaes isolées, en contraste de phase, montre qu'elles se
comportent comme des osmométres, doublant leur volume
quand l'osmolalité efficace du milieu d'incubation est diminuée
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de moitié. L'AVP augmente le contenu total en AMP cyclique
d'un facteur 3,5 aussi bien dans les cellules gonflees que dans les
cellules normales, de telle sorte que la concentration réelle
d'AMP cyclique peut avoir diminué quand le volume cellulaire
augmente. Dans Ic sens de cette suggestion va l'observation que
I'augmentation de db-cAMP exogène abolit en partie les effets
inhibiteurs de l'hypotonicitC. Ces observations indiquent que
l'homéostasie des liquides corporels chez Ic crapaud depend en
partie de Ia regulation osmotique de l'action de l'hormone anti-
diurétique et que VAMP cyclique intracellulaire peut participer
au couplage des modifications du volume cellularie avec les
alterations du mode de réponse des cellules cibles de la vaso-
pressine.
The antidiuretic hormone, vasopressin, increases the
permeability to water of the isolated urinary bladder of
the toad [1] by mechanisms which are thought to be
related to those involved in altering the permeability to
water of the mammalian collecting ducts [2]. Orloff
and HandIer [3] have shown that the hydroosmotic
action of vasopressin on the toad bladder is mediated
by cyclic 3',5'-adenosine monophosphate (cAMP).
There seems to be a general agreement that the rate-
limiting permeability barrier ultimately affected by the
hormone (and by cAMP) is located at or near the urin-
ary surface of the mucosal epithelium [4—6]. The struc-
tural changes which take place in this barrier to render
the membrane more permeable to water most probably
entail conformational changes in membrane proteins.
Consistent with this view is the recent observation by
DeLorenzo et al [7] that vasopressin and cAMP trigger
dephosphorylation of a specific membrane protein in
the toad bladder, and the finding [8] that the perme-
ability change induced by vasopressin can be preserved
with the protein cross-linking agent glutaraldehyde.
Morphological studies on amphibian bladder [4, 9,
10] and perfused rabbit collecting tubule [ii] have
shown that the epithelial cells swell when the serosal
bathing fluid is lowered from its isotonic value or when
the mucosal fluid is made hypotonic, provided that
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vasopressin is present on the serosa. These conditions
which lead to osmotic swelling of vasopressin target
cells also render the epithelium less responsive to the
hydroosmotic action of neurohypophyseal hormones
[12—14]. The present study was carried out to learn
whether osmotic swelling of toad bladder epithelial
cells inhibits vasopressin action at a step prior to or
following the intracellular formation of cAM P by the
hormone.
Methods
Female toads, Bufo marinus, weighing between 200
and 250 g were purchased from National Reagents
Inc., Bridgeport, CT, and maintained on moist peat
moss at room temperature. Toads were doubly pithed
and their urinary bladders isolated and tied as sacs to
the ends of glass cannulae with the mucosa on the in-
side and the serosa on the outside. Osmotic water flux
across the bladder wall was measured gravimetrically
according to the method of Bentley [1}. Bladders were
wiped on a crystallizing dish and weighed in dry air
with a consistency of 5 mg on a semi-microbalance
(Mettler H43). The Ringer's fluid employed in this
study consisted of the following, in mmoles/liter:
sodium chloride, 110; potassium chloride, 3.5; calcium
chloride, 1.0; magnesium chloride, 1.0; dextrose, 5.5;
tris(hydroxymethyl)aminomethane HC1, 10. The pH of
this solution was 7.4 and its osmolality 235 mOsm/kg
of H2O as determined with an osmometer (Fiske). The
osmolality of this solution was altered in several experi-
ments by changing the concentration of sodium chlo-
ride, but keeping all other components of the Ringer's
fluid constant. The 8-arginine-vasopressin used in these
studies was prepared by Meienhofer et al [15] by solid-
phase peptide synthesis and kindly supplied to us by
Dr. Roderich Walter. The sample used had a rat anti-
diuretic activity equivalent to 503 U/mg. The mono-
sodium salt of N6, 02'-dibutyryl adenosine 3', 5'-cyclic
monophosphoric acid (db-cAMP) was purchased from
the Sigma Chemical Co., St. Louis, MO.
In order to measure cAMP concentrations in toad
bladder epithelial cells, bladders were incubated for
one hour in calcium-free Ringer's fluid, and the muco-
sal epithelial cells were then harvested by scraping with
a glass slide. The epithelial cells were equilibrated for
one hour in Ringer's fluid containing 1 m calcium
chloride. The epithelial cell suspension was then ex-
posed for 15 mm1 at room temperature to Ringer's
Because the toad bladder reaches a near optimal hydroosmotic
response to supramaximal concentrations of neurohypophyseal
hormones after only 15 mm of exposure (see, for instance, [8, 141)
but reaches a comparable level of response only after 60 to
90 mm of exposure to 5 to 10 m exogenous db-cAMP (Table6),
the vasopressin incubation of isolated epithelial cells (Table 5)
was kept shorter than the db-cAMP incubations of intact
bladders (Fig. 2, Tables 1-4).
fluid with a tonicity of 147 or 307 mOsm/kg of H20 in
the presence and absence of vasopressin (AVP). In
order to optimize cAMP stimulation by AYP, the pH
of the Ringer's fluid was raised from 7.4 to 8.3, and the
duration of incubation was kept at 15 mm. A 0.1-mi
aliquot of the cell suspension was then added to 0.9 ml
of hot (95°C) sodium acetate buffer (pH 6.2) for 2 mm
and the cells, disrupted by sonication, were separated
from the supernatant by centrifugation for 20 mm at
5,000 rpm. The cAMP content of the supernatant was
measured by the radioimmunoassay procedure of
Steiner et al [16] using the materials provided in the
Schwarz/Mann Assay Kit. The amount of cAMP in
the supernatant was related to the protein content of
the residue as measured by the method of Lowry et al
[17].
In order to relate the cAMP content of toad bladder
epithelial cells with their volume, cell suspensions were
examined by phase contrast with an inverted micro-
scope (Unitron, Series N). The diameter of the epithe-
hal cells was measured with a micrometer and the cell
volume computed on the assumption that the cells were
perfect spheres. The polaroid picture of a represen-
tative field (Fig. 3) shows that toad bladder epithelial
cells isolated under the conditions employed in our ex-
periments do indeed assume nearly spherical shapes.
Results
Preservation of permeability response of toad bladder
to db-cAMP with glutaraldehyde. Hemibladders from
different animals were filled with 7 ml of NaCl-free
(30 mOsm/kg of 1120) Ringer's fluid to which, in some
instances, had been added db-cAMP to a final con-
centration of either 3 or 10 m, as indicated in Table 1.
Hemibladders were suspended in 235 mOsm/kg of
H2O Ringer's fluid and the net mucosal-to-serosal
water flux was measured at 15-mm intervals along the
205 m0sm/kg of H20 gradient. After 75 mm, the
mucosal fluid was replaced by 7 ml of l% glutaralde-
hyde in 0.05 M cacodylate buffer. Five minutes later the
fixative was removed, the bladder mucosa was rinsed
once with Ringer's fluid, and the bladders again refilled
with NaC1-free Ringer's fluid which did not contain
db-cAMP. The fixed hemibladders were suspended in
a fresh bath of full strength Ringer's fluid and net
water flux in the mucosal-to-serosal direction was
measured. In Table 1, the net weight loss of hemiblad-
ders during the first 1 5-mm interval following fixation
has been compared with the net weight loss of hemi-
bladders just prior to fixation. Net water fluxes across
these hemibladders before and after fixation were
found to be similar, indicating that the basal perme-
ability as well as the permeability change induced by
db-cAMP could be preserved with glutaraldehyde.
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Table 1. Preservation of the db-cAMP-induced permeability
increase of the toad bladder with 10/s glutaraldehydea
Hemi-
bladder
No.
Mucosal
db-cAMP
Net water flux, mg/15 min/205
mOsm/kg of H20/hemibladder
Before After
fixation fixation
1 — 12 18
2 — 22 16
3 — 9 4
4 — 7 19
5 — 14 28
6 — 7 2
7 — 6 15
8 3mM 39 13
9 3mroi 105 94
10 10mM 248 288
11 3ms 273 250
12 3mM 481 543
13 10mM 617 662
Hemibladders exposed on the mucosa to 3 or 10 mi db-
cAMP (No. 8—13) or no nucleotide (No. 1—7) and fixed on the
mucosa for five minutes with 1% glutaraldehyde in 0.05 M caco-
dylate buffer. Net water flux along a 205 mOsm/kg of H20
gradient in the 1 5-mm interval preceding fixation is compared to
the net water flux in the first I 5-mm interval following fixation.
Hemibladders used were noncontralateral hemibladders; thus,
the large variation in responsiveness. The surface area of each
hemibladder is approximately 17 cm2.
Comparison of the hydroosmotic potencies of mucosal
and serosal db-cAMP. The experiment depicted in
Table 2 was carried out to learn whether db-cAMP
applied to the mucosal side of the bladder wall will in-
crease bladder permeability to water. The data indicate
that this nucleotide is effective in increasing membrane
permeability from the mucosa, although tenfold higher
concentrations are required to match the effectiveness
of this compound from the serosal surface. In order to
Table 2. Relative effectiveness of mucosal and serosal db-cAMP
on increasing toad bladder permeability to water0
Net water flux, mg/15 min/2O5mOsm/
kgof H20/hemibladder
10mM db-cAMP 900± 100 (6)
,nucosa
1 mMdb-cAMP 911±305 (6)
serosa
Contralateral hemibladders were filled with 2 ml of Ringer's
fluid and suspended into 10 ml of Ringer's fluid. A final con-
centration of10mt db-cAMP was added to the mucosal fluid of
one set of hemibladders and 1 mroi db-cAMP to the serosal fluid
of the other matched set. Hemibladders were fixed with 1%
glutaraldehyde in 0.05 M cacodylate after one hour of exposure
to nucleotide. The values given represent the mean osmotic water
fluxes (with saM) across six contralateral, fixed, hemibladder
pairs.
avoid the possibility that directional differences in the
effectiveness of db-cAMP might be obscured by net
water flux in the mucosal-to-serosal direction, full
strength (235 mOsm/kg of H20) Ringer's fluid was
employed on both bladder surfaces during a one-hour
period of bladder exposure to db-cAMP. Following
this incubation period, bladders were fixed with glutar-
aldehyde as already detailed herein, and the perme-
ability to water of the fixed bladder was then assessed
in the absence of nucleotide by measuring net water
flux along a 205 mOsm/kg of H20 osmotic gradient.
The osmotic water permeability of bladders exposed to
10 mM db-cAMP on the mucosa was found to be similar
to that of matched bladders exposed to 1 mt db-cAMP
on the serosa. Since the permeability responses ob-
served were submaximal, i.e., fell within the steep por-
tion of the dose-response curve, these studies indicate
that mucosal db-cAMP is an order of magnitude less
potent than serosal db-cAMP.
Inhibition of mucosal db-cAMP in the presence of
mucosal-to-serosal water flux. The experiment depicted
in Fig. 1 was carried out to see whether the hydroosmo-
tic action of db-cAMP acting from the mucosal surface
of the bladder wall was influenced by net water flux
through the tissue in the mucosal-to-serosal direction.
Control hemibladders were challenged with 10 mM
.c,0
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Fig. 1. Inhibition of db-cAMP action in the presence of Water
flux. Control hemibladders (.—.) were filled with 7ml of
235 mOsm/kg of H20 mucosal Ringer's fluid (R(M)) containing
10 mrvi db-cAMP; contralateral, experimental hemibladders(o o )werefihledwith7 mlof 30 mOsm/kgof H20 NaC1-free
Ringer's fluid (DilR(M)) also containing 10 mri db-cAMP.
Control and experimental hemibladders were. suspended into the
same 200-mi serosal bath consisting of 235 mOsm/kg of H20
Ringer's fluid. At t =75 mm all hemibladders were fixed by ex-
posing the mucosa for 5 mm to 1% glutaraldehyde in 0.05 M
cacodylate buffer. The fixed control and experimental hemi-
bladders were then filled with 7 ml of 30 mOsm/kg of H20
Ringer's fluid (Di1R(M)) lacking nucleotide and suspended into
fresh 200-ml serosal (235 mOsm/kg of H20) Ringer's fluid. The
responses of two hemibladder pairs—one with low (A), one with
high (B) sensitivity to db-cAMP——are illustrated.
0 30 60 90 120 0 30 60 90 120
Time, mm
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mucosal db-cAMP in the absence of net water flux,
i.e., the mucosal and serosal fluids both consisted of
235 mOsm/kg of H20 Ringer's fluid. Experimental,
matched hemibladders were also challenged with
10 mM db-cAMP, but mucosal-to-serosal water flux
across these hemibladders was induced by diluting the
mucosal fluid from 235 to 30 mOsmJkg of H20. After
both sets of hemibladders had been exposed to db-
cAMP for 75 mm, they were fixed, and now net water
movement along a 205 mOsm/kg of H20 gradient was
measured across the experimental and control hemi-
bladders. The results show that control hemibladders
which did not experience any net water loss during the
challenge period with nucleotide were approximately
twice as permeable to water as the experimental hemi-
bladders which did experience net weight loss during
the challenge period. The magnitude of this inhibition
was similar in hemibladder pairs showing low (Fig. 1 A)
and high (Fig. 1B) sensitivities to db-cAMP.2
The experiment depicted in Table 3 was carried out
to show that flux inhibition can also be demonstrated
in nonfixed bladder preparations. Both hemibladders
were incubated in the presence of 10 m'vi mucosal db-
cAMP—the controls without a gradient and the ex-
perimentals with an osmotic gradient from the start.
After 90 mm the mucosal medium of both hemi-
Table 3. Diminished responsiveness of bladders to mucosal
db-cAMP with MS water flux2
bladders was replaced by diluted Ringer's solution
containing 10 mM db-cAMP, and net water transport
was measured for the next 15 mm. The results show
that db-cAMP is more effective in modifying perme-
ability to water of the bladder when it can act in the
absence of an osmotic gradient.
Relationship between media tonicity and bladder re-
sponsiveness to db-cAMP. In order to determine the in-
fluence of media tonicity on the reactivity of the toad
bladder to db-cAMP, the experiments depicted in
Table 4 and in Fig. 2 were carried out. In these studies
net water flux across both control and experimental
hemibladders was prevented by keeping the serosal and
the mucosal solutions isosmotic, but varying the toni-
cities of both solutions simultaneously over the range
140 to 420 mOsm/kg of H20. Db-cAMP was added
either to the mucosal or to the serosal solution at a
final concentration of 10 or 0.5 mrvi, respectively. Fol-
lowing a one-hour period of exposure to db-cAMP,
bladders were fixed as usual and net water flux along a
205 mOsm/kg of H20 gradient was measured. As is
shown in Table 4, bladders incubated in hypotonic
(140 mOsm/kg of H20) Ringer's fluid during the chal-
lenge period with nucleotide were about one-half as
permeable to water following fixation as bladders incu-
bated in isotonic (235 mOsm/kg of H20) Ringer's fluid
during the challenge period. The magnitude of this in-
Table 4. Inhibition of db-cAMP action in hypotonic mediaa
Net water flux, mg/iS mini
205 mOsm/kg of H20/
hemibladder
Hemibladders A
235 mOsm/kg of H20 Ringer's fluid
10 mM db-cAMP mucosa
Hemibladders A
235 mOsm/kg of H20 Ringer's fluid
0.5 mM db-cAMP serosa
Hemibladders B
140 mosm/kg of H20 Ringer's fluid
0.5 ma db-cAMP serosa
Net water flux mg/15 mini
205 mOsm/kg of H20/
hemibladder
Hemibladders A (N= 4)
Pre-incubated 90 miii
without osmotic gradient 373 (100%)
P<0.0l
Hemibladders B (N=4)
Pre-incubated 90 mm 296 (80 4.6%)
with osmotic gradient
599 (100%)
P<0.00l (7)
Hemibladders B
140 mOsm/kg of 1120 Ringer's fluid 281 (46 7%)
10 mM db-cAMP mucosa
Hemibladders A were filled with 2 ml of 235 mOsm/kg of H20
Ringer's fluid (pH, 7.4) containing a final concentration of
10mM db-cAMP and pre-incubated for 90 miii in 235 mOsm/kg
of H20 Ringer's fluid on the serosa. Hemibladders B were treated
identically, except that the mucosal solution had a tonicity of
30 mosm/kg of 1120 during the pre-incubation period. After, the
pre-incubation period, both A and B hemibladders were filled
with 30 m0sm/kg of H20 fluid containing 10 mM db-cAMP and
net water flux was measured over a I 5-mm interval. The values
given represent the mean fluxes (with SEM) on the number of ex-
periments given in parentheses.
517 (100%)
P<0.00l (8)
258 (50±9%)
2 Only two sets of hemibladders were studied because of the large
amount of db-cAMP required to trigger a response from the
mucosa. The slight weight gain of hemibladders (controls) during
the first 75-mm interval was probably due to the 10 mOsm/kg of
1120 osmotic gradient in the serosal-to-mucosal direction follow-
ing addition of the nucleotide to the mucosa.
Contralateral hemibladders(A and B) were filled with 2 nil of
235 or 140 mOsm/kg of H20 Ringer's fluid and suspended into
10 ml of Ringer's fluid of identical composition. One set of hemi-
bladders was challenged on the mucosa with 10 mrvi db-cAMP,
the other set was challenged on the serosa with 0.5 mi db-cAMP.
All hemibladders were fixed with 1% glutaraldehyde in 0.05 M
cacodylate buffer after one hour of exposure to nucleotide, and
the osmotic water flux was then measured across these fixed
bladders. Values given represent the mean fluxes (with SCM) Ofl
the number of paired hemibladders shown in parentheses.
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Fig. 2. Relationship between medium tonicity and bladder respon-
siveness to db-cAMP. Hemibladders were bathed on both sides in
Ringer's fluid with osmolaiities ranging from 180 to 420 m0sm/
kg of H20. db-cAMP was added to the serosa at a final con-
centration of 0.5 m. After one hour hemibladders were fixed
with giutaraidehyde and net water flux across fixed bladders was
measured in the presence of a 205 mosm/kg of 1120 gradient.
Matched hemibladders from the same animal were used in the
following way: 180 in0smfkg of 1120 v. 235 mosm/kg of 1120,
235 mosm/kg of 1120 v. 300 m0sm/kg of H20, 300 m0sm/kg of
H20 v. 360 m0sm/kg of 1120, and 360 mOsm/kg of H20 v.
420 mOsm/kg of 1120. Values were then normalized by setting
the net flux across bladders incubated in the 300 m0sm/kg of
H20 Ringer's fluid at 100%. Values are given as the mean and
the SEM on the number of hemibladders shown in parentheses.
hibitory phenomenon in hypotonic medium was
similar with mucosal and serosal stimulation of blad-
der permeability with db-cAMP. In Fig. 2, experiments
are shown which test the responsiveness of the bladder
to 0.5 mM serosal db-cAMP over a wider range of toni-
city. As the tonicity of the Ringer's fluid was raised
from 180 to 300 mOsm/kg of H20, bladder reactivity
to db-cAMP increased progressively. When the toni-
city was raised beyond 300 mOsm/kg of H20 to 360
and 420 mOsm/kg of H20, bladder responsiveness to
db-cAMP appeared to diminish slightly, though not to
a statistically significant degree.
Morphology and cAMP formation by isolated toad
bladder epithelial cells. The experiments in Table 5
were carried out to see whether the ability of vasopres-
sin to raise intracellular concentrations of cAMP is
affected by medium tonicity. Vasopressin at a final
concentration of 1 x 106M was found to increase the
total content of cAMP in isolated epithelial cells ap-
proximately 3.5-fold during a 1 5-mm incubation
period. The cAMP content of cells exposed to 147 and
307 mOsm/kg of H20 Ringer's fluid was found to be
similar. However, the volume of epithelial cells ex-
posed to 147 mOsm/kg of H20 Ringer's fluid for 15 mm
was about twice that of cells exposed to 307 m0sm/kg
of H20, regardless of whether the cells had been ex-
Table 5. Osmotic swelling and cAMP content of isolated toad
bladder epithelial cells
Incubation medium cAMP content
of cells
pmolesfmg of
protein
Cell
diameter
z
Cell
volumej
307 mosmfkg of 1120
Ringer's fluid, no
AVP
10.4± 1.2 (16)
<0.001
11.5± 0.3 788
307 mosm/kg of H20
Ringer's fluid, lx
106M AVP
35.2±4.1 (16) 11.2±0.3 739
147 mOsm/kg of H20
Ringer's fluid, no
AVP
8.7±0.8 (13)
<0.001
14.6± 0.3 1615
147 mOsmfkg of H20
Ringer's fluid, lx
106M AVP
29.7± 3.8 (16) 14.6±0,2 1615
Values are given as the mean and the SEM on the number of ex-
periments given in parentheses.
posed to vasopressin or not (Table 5). Thus, the intra-
cellular concentration of cAMP in the swollen cells
must have been approximately one-half the concentra-
tion of cAMP in the nonswollen cells, assuming that
water enters the intracellular compartment which con-
tains cAMP.
The phase contrast micrographs in Fig. 3 show that
the isolated epithelial cells used in this study assumed
nearly spherical shapes and increased their volume
when the tonicity of the Ringer's fluid was lowered
from 307 mOsm/kg of H20 (Fig. 3A) to 147 mosm/kg
of H20 (Fig. 3B). Moreover, the volume and shape of
these cells were preserved when the cell suspension was
exposed for five minutes to 1 %glutaraldehyde in 0.05 M
cacodylate buffer (Fig. 3C and D).
Restoring intracellular cAMP in bladders exposed to
hypotonic medium. The experiments depicted in Table 6
were carried out to see whether the low permeability to
water of bladders in hypotonic medium could be in-
creased by raising the concentration of exogenous db-
cAMP on the mucosa. Although 10 m db-cAMP was
found to be approximately twice as effective as 5 ffiM
db-cAMP in promoting water transport during the
first 30-mm interval of exposure of the bladder in
147 mOsm/kg of H20 medium, this difference dimin-
ished during the second and third 30-mm intervals.
Discussion
We have shown previously [8] that the action of
vasopressin to increase the osmotic permeability to
water of the isolated toad bladder can be preserved by
fixing the bladder mucosa for five minutes with 1%
180 240 300 360 420
Tissue bath tonicity, mOsm/liter
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Fig. 3. Phase micrographs of isolated epithelial cells of toad urinary bladder exposed for 15 miii to 1 x 106M vasopressun
(x 1000). A, Cell suspension incubated in 307 mOsm/kg of H20 Ringer's fluid. B, Cell suspension incubated
in 147 mOsm/kg of H20 Ringer's fluid. C, Cell suspension (A) fixed for five minutes with l% glutaraldehyde in 0.05 M
cacodylate buffer and resuspended in 307 mOsm/kg of H20 Ringer's fluid. D, Cell suspension (B) fixed for five minutes
with 1% glutaraldehyde in 0.05 M cacodylate buffer and resuspended in 147 mOsmfkg of H20 Ringer's fluid. x 1000.
Table 6. Effect of doubling exogenous db.cAMP on bladder permeability in one-half isotonic mediuma
Period:
Net water flux, mg/30 min/117 mOsm/kg of H20/hemibladder)
0—30 mm 30—60 mm 60—90 mm 90—120 mm
Hemibladders A (N= 6)
5mM db-cAMP(mucosa) 30—120 mm 9(94± 15%)
P>0,5
81(51 l0%)
P<0.00l
169 (72± 11%)
P<0.05
172 (78±23%)
P<0.01
Hemibladders B (N 6)
10mM db-cAMP (mucosa) 30—120 mm 10 (100%) 156 (l00%) 240 (100%) 228 (100%)
a Contralateral hemibladders (A and B) were filled with 2 ml of 30 mOsm/kg of H20 Ringer's fluid (i.e., Na-free, pH 8.3 Ringer's fluid)
and suspended into 147 mOsm/kg of H20 Ringer's fluid. Net mucosal to serosal water flux was measured for the first 30-mm interval. The
mucosal fluid in A hemibladders was then replaced by 2 ml of 30 mOsm/kg of H20 Ringer's fluid containing a final concentration of
5 mM db.cAMP, and the mucosal fluid in B hemibladders was replaced by fluid containing 10 mat db-cAMP. Values given represent the
mean fluxes (with sEal) on the number of paired hemibladders shown in parentheses.
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glutaraldehyde in 0.5 M cacodylate buffer. This tech-
nique makes it possible to study the action of neuro-
hypophyseal hormones on the osmotic water perme-
ability of the bladder wall in the absence of net water
flux through the tissue. A major advantage of this pro-
cedure is that the final effector process, i.e., net water
flux along an osmotic gradient, cannot interfere with
the action of vasopressin or cAMP on membrane per-
meability.
The present study has shown (Table 1) that the
characteristic increase in the osmotic permeability to
water of the isolated toad urinary bladder following
stimulation with db-cAMP can be preserved by fixing
the bladder mucosa with glutaraldehyde. This observa-
tion extends our previous findings [8] that the water
permeability barrier of the bladder can be virtually
locked in different phases of its response to neuro-
hypophyseal hormones with this agent which cross-
links membrane proteins.
Vasopressin is thought to interact with receptors on
the basal-lateral plasma membrane of the bladder
epithelium. The hormone-receptor interaction in some
manner brings about the activation of adenylate cy-
clase and the generation of cAMP [31—which, in turn,
leads to an increased permeability to water of the api-
cal plasma membrane [4—6]. cAMP has been found to
stimulate protein kinases derived from toad bladder
[18] and kidney [19], and it has been suggested that
either phosphorylation [19—22] or dephosphorylation
[7, 23] of membrane proteins may be responsible for
the ultimate effect of vasopressin on membrane perme-
ability. It is unlikely that cAMP can trigger these
postulated changes in membrane permeability from
the outer (urinary) surface of the apical membrane,
since db-cAMP was found to be about ten times less
potent from the urinary than from the serosal side
(Table 2). This finding extends the previous observa-
tion by Orloff and Handler [3] that 1 mole/ml of
cAMP is effective from the serosa, but not from the
mucosa. The nucleotide presumably must enter the
vasopressin target cell and it appears to do so more
rapidly through the basal-lateral as compared with the
apical plasma membrane.
Conceivably, the diffusion of db-cAMP to its re-
ceptor compartment could be influenced by net water
movement across the bladder wall, so that db-cAMP
applied to the mucosal bladder surface might be more
effective in the presence of net mucosal-to-serosal water
movement than in the absence of net water flux. We
found the opposite to be true (Fig. 1, Table 3), i.e., the
ability of mucosãl db-cAMP to increase the osmotic
permeability of the bladder was markedly inhibited in
the presence of mucosal-to-serosal water movement.
Although this experiment does not exclude the possi-
bility of a solvent drag effect facilitating diffusion of
db-cAMP into the target cell, the overriding effect of
net water flux is to inhibit the action of db-cAMP on
membrane permeability.
We have observed previously [13, 14] that the action
of neurohypophyseal hormones on the toad bladder is
inhibited by net water flux across the bladder wall, and
that the degree of inhibition increases with the velocity
of net transmembrane water flux. Moreover, the hydro-
osmotic action of vasopressin on the toad bladder is
markedly inhibited when the osmolality of the serosal
bathing fluid is lowered from isotonicity [12, 14]. We
have seen a similar inhibitory phenomenon in the pre-
sent study upon stimulating the bladder either from the
serosal or the mucosal side with db-cAMP in hypotonic
media (Fig. 2, Table 4).
It is well known [4, 9, 10] that net water flux across
the bladder wall and exposure of both sides of the
bladder to hypotonic media lead to vacuole formation
and swelling of epithelial cells. In the present study we
have examined the osmotic behavior of toad bladder
epithelial cells by phase contrast microscopy. Isolated
epithelial cells were found to behave as osmometers,
swelling twofold as the effective osmotic pressure of the
incubation medium was reduced by one-half. These
changes in epithelial cell shape were well preserved
following glutaraldehyde-fixation (Fig. 3). The intra-
cellular content of cAMP was about equal in the
swollen and the nonswollen cells, and vasopressin was
found to increase cAMP formation in both cell types
about 3.5-fold (Table 5). Since the increase in cell
volume experienced by the cells incubated in hypo-
tonic medium was not compensated by an increase in
cAMP formation, the intracellular concentration of
cAMP must have fallen by one-half in these cells
assuming, of course, that the cAMP and the water en-
tering the cell are in the same intracellular compart-
ment. This postulated decrease in the intracellular con-
centration of cAMP due to dilution of the vasopressin
target cell cytosol could contribute to the diminished
responsiveness of the toad bladder to hormone. Simi-
larly, the diminished responsiveness of the bladder to
exogenous db-cAMP could be due to its diffusion into
an expanded receptor compartment. Restoring the in-
tracellular concentration of cAMP (or its pharmaco-
logical congener) might, therefore, restore perme-
ability back to normal. In the experiment shown in
Table 6 we examined that possibility by determining
whether the inhibitory effect of a hypotonic serosal
medium can be overcome by increasing the exogenous
concentration of db-cAMP. Indeed, most of the inhibi-
tion seen in one-half isotonic incubation medium was
reversed by doubling the exogenous concentration of
db-cAMP. These studies have suggested that dilution
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of cAMP in vasopressin target cells plays a primary
role in diminishing membrane permeability to water
under conditions which engender osmotic swelling of
the epithelium. In addition, the ultimate action of in-
tracellular cAMP may be diminished in swollen epi-
thelia for unknown reasons.
We have observed previously [8, 24] that the perme-
ability to water of the toad bladder in the intact animal
remains very low as long as the plasma osmolality is
less than 285 mOsm/kg of H20. However, when toads
are dehydrated and their plasma osmolalities exceed
300 mOsm/kg of H20, vasotocin is secreted from the
preoptico-neurohypophyseal complex, and the hydrau-
lic conductivity of the urinary bladder increases by as
much as 60-fold. We have seen in the present study
(Fig. 2) that the isolated toad bladder is optimally
sensitive to db-cAMP at a tonicity of 300 mOsmjkg
of H20, a level of tonicity which appears to coincide
with the level of tonicity at which hypothalamic osmo-
receptors first trigger antidiuretic hormone secretion
from the neurohypophysis. Thus, the regulation of
body fluids in the toad seems to depend not only upon
the osmotic regulation of antidiuretic hormone secre-
tion, but also upon the osmotic regulation of antidiure-
tic hormone action.
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